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SYSTEM AND METHOD FOR ESTIMATING
LOCATION OF PROJECTILE SOURCE OR
SHOOTER LOCATION

CROSS-REFERENCES TO RELAT
APPLICATIONS

s
w

This application claims priority, and the benefit of the filing,
date, under 35 U.S.C. §119 of U.S. Provisional Application
No. 61/034,568, filed May 20, 2008, and which 1s hereby

incorporated herein by reference.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH OR DEVELOPMEN'T

Not Applicable.

BACKGROUND OF THE INVENTION

The present embodiments relate to estimating a location of
the source of a projectile, such as in the field of combat
estimating the location of a shooter that has fired a projectile
in a vicinity of, or toward, the estimating system.

In situations of violence including but not limited to muli-
tary applications, typically a system 1s equipped with one or
more weapons to allow retaliation in the direction of and
against hostile fire. However, in complex combat situations
there are often difficulties 1n determining the point of origin of
the 1ncoming projectiles so that this retaliation can be

clifected. Naturally, such a determination i1s important 1n
quelling the hostility.

The prior art includes the use of an acoustical system to
estimate the location of a projectile source such as the shooter
of a bullet. In this approach, the acoustical system detects a
shockwave that occurs due to the projectile passing 1n the
vicinity of the acoustical system, and this shockwave 1s then
associated with a projectile 1f the system also detects a sub-
sequent sound 1f that sound 1s determined to be associated
with the 1nitial firing of the projectile, such as detecting the
sound of amuzzle blast. In this system, however, the detection
1s only of supersonic projectiles, that 1s, where because the
projectile 1s traveling faster than the speed of sound, the
acoustical system 1s able to first detect the shockwave and
therealter to detect a corresponding muzzle blast. Indeed, 1
the acoustical system does not detect the subsequent muzzle
blast, then the earlier-detected shockwave 1s disregarded by
the system. In addition to 1ts supersonic-detection-only oper-
ability, the accuracy of the results of the acoustical system 1n
estimating the location of the origin of the projectile 1s some-
times unsatisfactory.

In view of the above, the prior art provides drawbacks and
the preferred embodiments improve upon these drawbacks as
demonstrated below.

BRIEF SUMMARY OF THE INVENTION

In a preferred embodiment, there 1s a system for estimating,
a location of the source of a projectile. The system comprises
a radar system for transmitting a wave and detecting and
providing an imndication of a wave reflection from the projec-
tile. The system also comprises an acoustic detection system
for detecting and providing an indication of at least one sound
associated with the projectile. Finally, the system comprises
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2

circuitry for estimating the location in response to the indi-
cation of a wave reflection and the indication of at least one

sound.
Other aspects are also disclosed and claimed.

BRIEF DESCRIPTION OF THE SEVERAL
VIEWS OF THE DRAWING

FIG. 1 1llustrates various components of a retaliatory sys-
tem, shown by way of example as a military vehicle, accord-
ing to a preferred embodiment.

FIG. 2 illustrates a block diagram of a retaliatory system
according to a preferred embodiment.

FIG. 3 illustrates, 1in association with tracking radar 202 of
FIG. 2, a presentation geometry 202..

FIG. 4 illustrates the presentation geometry 202 - of FIG. 3
with additional aspects added thereto.

DETAILED DESCRIPTION OF THE INVENTION

The preferred embodiments are described below 1n con-
nection with an example as integrated and implemented 1nto
a military vehicle, as the present inventors believe that this
invention 1s well understood 1n such applications. However,
the invention also may be implemented 1n, and provide sig-
nificant benefit to, other systems that benefit by estimating a
location of a source of a projectile such as a shooter and such
systems may be integrated at a location or distributed among
separate units that share information and benefit from the
estimation and response thereto. Accordingly, it 1s to be
understood that the following description 1s provided by way
of example only and 1s not mtended to limit the inventive
scope.

FIG. 1 1llustrates various components of a retaliatory sys-
tem, shown by way of example as a military vehicle MV,
according to a preferred embodiment. Military vehicle MV of
course includes various of the standard types of equipment 1n
connection with such a vehicle, including proper apparatus as
may be selected 1in the appropriate art for operating the
vehicle to move and navigate the vehicle from place to place.
Preferably military vehicle MV also includes sutficient appa-
ratus for sately housing one or more occupants and materials
within the interior of the vehicle, where such apparatus are not
explicitly called out 1n the Figure but are understood to be
used 1n the construction of such a vehicle. Also 1n connection
with the preferred embodiments, military vehicle MV
includes a weapon system 100, which may be of various
types. Weapon system 100 1ncludes a weapon 102 for firing
ammunition or an appropriate response projectile at a hostile
or other target. In a preferred embodiment, weapon 102 also
1s mounted or otherwise controlled by a slewing system 104
that includes one or more actuators and linkages that may be
enabled to electromechanically guide, steer, or aim weapon
102 1n either a coarse or fine direction toward its intended
target. Enabling such guidance may be selected by an opera-
tor of weapon system 100 and the operator also may further
guide weapon 102 manually either with or without the assis-
tance of slewing system 104. Military vehicle MV also
includes, or houses, an equipment system 200 not visible
from the perspective ol FIG. 1, but shown in block diagram as
a system 200 in FIG. 2. System 200 typically 1s constructed
with various electrical, electrical/mechanical, and/or com-
puter hardware and software, as will be ascertainable by one
skilled 1n the art, and 1s further explored below in connection
with FI1G. 2. Lastly, military vehicle MV also may include still
other detecting and retaliatory systems, particularly for dan-
gers that may not be percetved by system 200, which, for
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example, may include certain types of munitions (e.g., pos-
sibly RPGs) that are not detectable or suificiently detectable
by system 200 or that otherwise may be defeated by a differ-
ent system.

Looking more specifically to system 200 of FIG. 2 (and
included but not shown in FIG. 1), system 200 includes a
bullet (or other projectile) tracking radar 202, which 1n certain
respects 15 known 1n the art and may be found in various
implementations of modern hostile fire indicating systems
(HFIS). In the prior art, tracking radar 202 1s comprised of one
or more radars and corresponding circuitry for detecting and
thereby providing an estimated flight path of projectiles, such
as mortar, rockets, rocket propelled grenades (RPG), and
bullets, where these projectiles are fired 1n the vicinity or even
in the direction of radar 202. In a preferred embodiment,
however, and as detailed later, radar 202 1s used 1n combina-
tion with an acoustic detection system 204 to identify not only
attributes of an already-1n-tlight projectile, but collectively to
estimate a location from which the projectile was launched
(or otherwise fired or commenced 1ts travel). In any event, 1n
a preferred embodiment, radar 202 1s a continuous wave
(CW) radar, which generally therefore maintains a long or
continuous wave transmission and monitors received return
or retlections of a transmitted wave, thereby detecting various
attributes 1n connection with the projectile that caused the
reflection, as further detailed later.

Continuing with system 200 of FIG. 2 (again, included but
not shown 1n FIG. 1), 1t also includes an acoustic detection
system 204 that 1s preferably proximate radar 202 and 1s also
separately known 1n the art and may be found 1n various HFIS
implementations. Acoustic detection system 204, as its name
suggests, 1s constructed and operable to detect certain acous-
tic events recerved by system 204, and in the preferred
embodiment those events are anticipated to include any
shockwave or other sound occurring as a result of a projectile
passing by (or toward) system 204 as well as any muzzle (or
other) sound of the finng of a projectile in the vicinity of
system 204. Also in this regard, recall from the Background
Of The Invention section of this document that the prior art
includes supersonic detecting acoustic systems, or at least
acoustic systems that disregard or discard a record of a
detected shockwave that 1s not followed by a subsequent
detected muzzle sound. In contrast, preferably system 204
cither alone or as part of system 200 1s responsive to both
subsonic and supersonic signals and 1s operable to estimate a
shooter location corresponding to each, as will be appreciated
by one skilled 1n the art from the entirety of this document.
Thus, for many 11 not most projectiles that could provide
danger to system muilitary vehicle MV, system 204 detects
sounds associated with the initial firing of that projectile as
well as the passage of such projectile near system 204.

According to a preferred embodiment, output information
from both radar 202 and acoustic detection system 204 are
both processed and thereby jointly combine to facilitate an
estimate of a location of the source of a projectile, as exten-
stvely detailed later. By way of introduction, theretfore, FI1G. 2
1llustrates that an output of radar 202 and an output of acoustic
detection system 204 are both coupled to a central processing
unit 206. Central processing unit 206 1s intended to illustrate
suificient hardware and/or software for processing signals or
data from both radar 202 and acoustic detection system 204 as
detailed herein. Thus, such hardware and/or software may be
in numerous forms including one or more circuits or inte-
grated circuits including application-specific integrated cir-
cuits or processors (e.g., general purpose, dedicated, digital
signal processor, CPU core, co-processors, and the like) as
may be ascertained by one skilled 1n that art. Further, central
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processing unit 206 may include various ancillary and periph-
cral 1tems and interfaces to support the functionality
described herein as well as other related or unrelated func-
tionality as may be performed by such a system. Accordingly,
included or associated with central processing unit 206 may
be mput/output interface(s), peripheral functions (e.g., key-
board, mouse, display, speaker, etc.), and data storage and
mampulation (e.g., memory, registers, soft and hard storage
devices). In all events, system 206 1s programmable by com-
puter program instructions, typically or preferably received
from a computer-readable medium that stores such instruc-
tions and 1n response to which the processes, methodology,
and operations described herein are carried out by central
processing unit 206. These computer 1nstructions may be in
the form of one or more executable programs, or in the form
ol source code or higher-level code from which one or more
executable programs are derived, assembled, interpreted, or
compiled. Any one of a number of computer languages or
protocols may be used, depending on the manner in which the
desired operations are to be performed. Moreover, 1n one
preferred embodiment, central processing unit 206 as part of
system 200 1s included 1n or housed by the apparatus con-
nected to and transportable by military vehicle MV although
in an alternative embodiments the structure and/or function-
ality thereof may be performed at a location remote from
military vehicle MV; 1n this regard, therefore, 1n such an
alternative the outputs of both radar 202 and acoustic detec-
tion system 204 may be communicated from the location of
military vehicle MV, via a wireless transmitter or other man-
ner of communicating data, to a central processing unit 206 at
a remote location, where such data may be processed as
detailed below.

The output of central processing unit 206, that 1s, an esti-
mated location of the source of a projectile, 1s coupled to a
location reporting and response block 208. Block 208 repre-
sents 1n one embodiment the transformative result of the
operation of system 200, having processed two articles,
namely, (1) a tracked path of a projectile when 1t 1s 1n tlight and
(11) one or more sounds associated with the firing and/or
passage ol the projectile 1n the air. In block 208, the transior-
mative result invokes one or more preferred responses to the
estimated location output of central processing unit 206,
where a first response 1s storage of the result, such as in
temporary or long term computer memory or storage.
Another preferred response 1s to report the estimated location
of the source of aprojectile, where the report may take various
forms. For example, 1n one preferred approach, the report 1s
provided 1 a human-comprehensible form, such as by pre-
senting either a visible or audible report, or both, to an opera-
tor within or near military vehicle MV, accordingly, 1n such
an approach the report therefore may be presented to that
operator via the above-mentioned display and/or speaker.
Moreover, the report may be communicated to a location
distant from military vehicle MV, again by way of some type
of wireless or other communications. In another example of a
preferred approach, in response to the transformative result,
an occupant of military vehicle MV 1s assisted 1n guiding a
weapon, such as weapon 102, 1n the direction of and at a
proper trajectory toward the estimated location. Thus, in one
approach, slewing system 104 1s operated in response to the
transformative result so as to slew weapon 102 to point in the
direction of the estimated location of the source of the
detected projectile, where this pointing may be 1n either
coarse or more precise fashion and may be further augmented
by manual adjustments of the weapon operator. Accordingly,
weapon 102 may return fire toward the projectile source,
either with or without the assistance of a human operator. In
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any event, therefore, from block 208 a responsive measure
may be taken toward or 1n response to the source location of
the detected projectile.

FIG. 3 1llustrates, 1n association with tracking radar 202 of
FIG. 2, a presentation geometry 202, so as to enable one
skilled 1n the art an understanding of a portion of a preferred
embodiment methodology as may be performed by system
200. For simplicity, the illustration 1s presented 1n a plane,
ignoring e¢levation angle. However, elevation also can be
sensed by radar 202 and the preferred embodiment methods
described herein may be extended by one skilled 1n the art to
that case. Geometry 202 includes a radar emitter/receiver
202 ., which should be understood to be a detailed aspect of
radar 202 and that 1s shown for simplicity at a single coordi-
nate 1n the two-dimension plane of (X, v»). From radar
emitter/recerver 202,., emanates a boresight line 202 ., along
which emitter/recerver 202 ., transmits waves and that, as
known 1n the art and based on wave-interferometry prin-
ciples, typically 1s provided by at least two antennas situated
in close proximity to one another and to thereby provide
appropriate signal diversity so as to properly respond to
reflections of waves transmitted by the antennas. Thus, line
202 ., represents a projecting axis of wave signals that origi-
nate from a point P, at (X5, V), 1n association with and by
radar emitter/receiver 202.,.. Accordingly, i a projectile
passes through boresight line 202 5., then reflections of the
continuous wave from radar 202 are therefore receirved by
radar emitter/receiver 202 ., as known 1n the art. To 1llustrate
this effect, by way of an example a projectile path PP 1s shown
in FIG. 3 that 1s intended to demonstrate a path, presumed
linear 1n this example, along which a projectile 1s passing 1n
the vicimity of radar 202. In the illustrated example, projectile
path PP traverses FIG. 3 and intersects boresight line 202 ,, at
an intersection point, P,. Thus, from the projectile/wave inter-
section, a reflection will be returned to and sensed by radar
emitter/recerver 202 ..

In addition to the preceding, one skilled 1n the art wall
recognize thatradar 202 (and 1ts radar emitter/recerver 202 )
may perceive reflections outside of boresight line 202, in
that the radar waves provide a beam pattern that 1s wider than
a single line. Therefore, as a projectile passes through the
radar’s beam pattern, retlections are received by radar emit-
ter/receiver 202 .. In the preferred embodiment, as 1n the art,
radar emitter/recerver 202, 1s operable to sample those
reflections and associate with them two parameters. A first of
these parameters 1s a range rate of the projectile, where range
rate 1s the component of the projectile velocity that 1s 1n the
direction of the radar. For sake of convention in this document
and as will be further understood later herein, the convention
of R.' is used to indicate a range rate of the projectile at a
respective point P, relative to radar emitter/receiver 202 ,.;
for example, therefore, the range rate at point P, 1s indicated
as R.'. A second of these parameters is an angular offset from
boresight line 202, to the point of the retlection (1.e., to the
perceived location of the projectile when i1t was sampled); for
example, theretfore, the boresight-to-projectile distance angle
at point P, 1s indicated as 0,. Some systems also will report
range (1.¢., distance), but this information 1s not necessary to
certain preferred embodiments.

To further 1llustrate the above-introduced operation and the
corresponding samples, FIG. 3 also illustrates examples of
three such samples, occurring at times t,, t,, and t;. More
specifically, therefore, at time t,, radar emitter/recerver 202 .,
receives a reflection as the projectile passes along path PP at
atime t,, and i response thereto radar emitter/receiver 202 .,
estimates a range rate (R,', not shown), an angle 0, between a
range R, and boresight line 202,, (hereafter, a boresight
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line-to-projectile distance angle), and optionally a range (or
distance) R, to the point P, at which the reflection occurred;
thus, 1n connection with time t, (and range R, and boresight
line-to-projectile distance angle 0, ), point P, may be associ-
ated with a coordinate, which from the simplified present
example 1n two-dimensional space 1s shown as (x,, v, ). Simi-
larly, at time t,, radar emitter/recetver 202 .., receives a retlec-
tion as the projectile passes along path PP at a time t,, and 1n
response thereto radar emitter/receiver 202,., estimates a
range R, to the point P, at which the reflection occurred as
well as a boresight line-to-projectile distance angle 0,
between range R, and boresight line 202 5,, thereby associ-
ating with time t, and point P, a coordinate, which from the
simplified two-dimensional example 1s shown as (X,,vy,). One
skilled 1n the art will therefore readily appreciate comparable
observations with respect to time t, and 1ts respective point P,
and coordinate (x5, v5) as well as other respective times,
points, and coordinates that may be established by radar
emitter/recerver 202, along path PP.

It has been recognized in connection with the mventive
preferred embodiments that additional methodology may be
performed by system 200 1n connection with the above-de-
scribed methodology to estimate a location of the source of
the projectile along path PP 1n FIG. 3. Particularly and as
detailed later, a preferred embodiment estimates the origin of
projectile path PP (1.e., the projectile firing location) 1n part in
response to a set of one or more of the boresight line-to-
projectile distance angles 0 _, where those angles may be
determined by a wave reflection at various sample points,
including point P,. And, more particularly and as detailed
later, the projectile path PP origin is in part determined from
a set of one or more projectile path-to-radar location angles,
shown by ways of example in FIG. 3 as angles 0',,0',, and 0’5,
that 1s, each of these angles represents the angle between
projectile path PP and the point P, (or coordinate (X, y5)) of
radar emitter/receiver 202 ... Accordingly, one aspect of the
preferred methodology 1s providing the set of path-to-radar
location angles (e.g., one or more of 0',, 0',, and 0';) 1n
response to other parameters of FIG. 3, and this aspect 1s
detailed below.

FIG. 4 again illustrates presentation geometry 202 - of FI1G.
3 with various additional aspects included to enable one
skilled 1n the art to further appreciate the following teachings,
including the operability of the above-introduced acoustic
detection system 204. In this regard, FIG. 4 illustrates two
additional points along projectile path PP. A first 1llustrated
point 1s point P_, which 1s intended to illustrate the source
location or point at which the projectile was first fired or
otherwise launched; indeed, i1dentification or estimation of
the location of thus point (e.g., (X, yv.)) 1s adesired result of the
preferred embodiments. A second illustrated point 1s point
P, . which 1s intended to 1llustrate the point along path PP at
which the projectile 1s located (or would be 11 not interrupted)
at a time, t . when the muzzle wave or other sound associ-
ated with the launching of the projectile 1s received and
detected by acoustic detection system 204. More specifically,
recall earlier 1t was noted 1n connection with FIG. 2 that
system 200 estimates a projectile launch (e.g., shooter) loca-
tion 1n response to both tracking radar 202 and acoustic detec-
tion system 204, and below are now provided various details
wherein the findings of both of those apparatus are combined
to estimate point P_. FIG. 4 also illustrates velocity values,
where each velocity v_1s the projectile velocity at 1ts respec-
tive point P,. Lastly, a range convention 1s introduced and
shown 1 FIG. 4 to indicate a range or distance between
different points, wherein the convention uses a subscript that
lists the subscripts of the endpoints of the range separated by
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a colon. For example, therefore, a range R, ., 1s the range
between point P, and point P,. As another example, a range
R, 5 1s the range between point P, and point P;. As a final
example, a range R 1s the range between point P, and
pomtP_

Attention 1s now directed to a preferred embodiment meth-
odology wherein system 200 provides, 1n response to the
boresight line-to-projectile distance angles of radar 202 (e.g.,
one or more of 0,, 0,, and 0,), the set of projectile path-to-
radar location angles (e.g., one or more of 0';, 0',, and 0';),
where ultimately system 200 further uses those angles and
acoustic detection system 204 to estimate the projectile path-
to-radar location angle 0’s and range R _ to the source of the
projectile (1.e., to 1n effect estimate point P). In connection
with both the determination of the set of projectile path-to-
radar location angles and the ultimate estimation of angle 0°s
and range R _ corresponding to the source of the projectile, a
known relationship 1s used as 1t defines a drag coetficient for
the projectile, indicated as {3, 1n the following Equation 1:

1:m1w

Vi — V2

Vivally —11)

Equation 1

b=

Particularly and as shown later, when two projectile path-to-
radar location angles (e.g., 0,', 0.,") are determined or other-
wise known, then respective velocities v, and v, may be
determined and are used in connection with estimating angle
0.' and range R.. However, at this point in the discussion,
recall that 1t 1s the boresight line-to-projectile distance angles
(e.g., 0,, 0,) that are known from the operation of radar 202.
Thus, Equation 1 establishes a relationship which, as shown
later, further serves to define an additional relationship as
between range distances 1n FIG. 4.

Next, the present inventors have recognized that the fol-
lowing relationships may be observed given presentation
geometry 202 ..

Each boresight line-to-projectile distance angle 0_ has a
respective projectile path-to-radar location angle 0 ' that
forms a triangle with a same third angle, such as at point P,
where boresight line 202 ,,, intersects projectile path PP or at
0' _; therefore, the following Equation 2 1s defined by the

triangle geometry:

Ei 1+61 I:62+62I:e3+63l EqUHtlDI]. 2

Trigonometry defines the following Equation 3:

R5 3*sin(180-05")*sin(0,-0,)=R | >*sin(0 sin(0,—-0;) Equation 3

Given Equation 2, the projectile path-to-radar location
angles 0,' and 0,' can be solved for individually, as shown
respectively 1n the following Equations 4 and 5:

0,=0,—0,+0;' Equation 4

0,'=0;—+0,' Equation 5

Further, trigonometric relationships also provide a solution
for 0,', as shown 1n the following Equation 6:

Equation 6

SR
I

—tan_l( Ry.»s1n(05 — O3)sin(m — 6y + 63) ]
Rl:zsiﬂ(gg — Qg)CGS(JT — 91 + 93) + Rg:gsiﬂ(gl — 92)

At this point, recall that in association with the signaling
and processing of radar 202, three sets of data are known or
have been shown to be determinable, namely, the boresight
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line-to-projectile distance angle (e.g., 0,, 0., 05), the 1ndica-
tion of time of the projectile along projectile path PP corre-
sponding to that angle (e.g., t,, ., t;), and the range rate of the
projectile 1n the direction of radar 202 corresponding to that
angle or time (e.g., R,", R, R,"). In addition, Equation 1
established the relationship of the projectile drag coellicient,
3. Accordingly, 1t1s recognized in connection with the present
inventive scope that central processing unit 206 may solve for
the respective prOJectlle path-to-radar location angle 0
shown below, 1n view of the following additional relatlon-
ships:

Equation 7
Ri2 = —1ﬂ[1 +’chs(9 (22 —fl)]
Equation 8
Rys =—=In|1 + I3 —1
2:3 5“[ ’Bo 7 (73 2)]
R Equation 9
P cos(6)
R‘i Equation 10
- cos(&)
R’z Equation 11
vz = cos(63)

According to a preferred embodiment, and given the deter-
minations and relationships mentioned above, central pro-
cessing unit 206 may now estimate the values of the thus-far
unknown projectile path aligned values of R, ,, R, 5, and
projectile path-to-radar location angles 0,', 0,', and 0,', 1n
view ol the known values 01 0,, 0,, 0. In a preferred 1mple-
mentation, the unknown values are estimated by minimizing
as shown 1n the following Equation 12:

Equation 12

{9! N tan_l( Ri.»s1n(6, — 0z)sin(mr — 6y + 63) ]} N
) Rips1n(6, — B3 cos(mn — O) + 03) + Rr.381n(0] — 65)

{6 —0s+ 0, — 03} +1{65 — 03 + 6, — 03}

0

Stated alternatively, Equation 12 may define a Cost function,

where its unknowns are estimated by finding those values that
when substituted therein approximate a solution of zero.

Thus, Equation 12 may be re-stated 1n terms of minimizing a
Cost of the absolute value of 1ts addends, as shown 1n the
following Equation 13.

Equation 13

Rleiﬂ(Qz — 93 )Siﬂ(.ﬂ' — 91 + 93)

Cost =
O Rl:zﬁiﬂ(gz — Qg)CDS(ﬂ' — 91 + 93) + Ky Siﬂ(gl — 92)]‘ "

05 + tan_l(

|Qi—93 +91—9§|+|95—93 +92—9§|

Accordingly, 1n a preferred embodiment, central processing
unit 206 executes a search routine to minimize the Cost func-
tion of Equation 13. This search routine may be programmed
and performed according to the known Simplex Optimization
method or by various other known or ascertainable optimiza-
tion functions in that art. In any event, therefore, upon opti-
mizing Equation 13, system 200 has at that point determined
the projectile path-to-radar location angles o1 0',, 0',, and 0';.
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Attention 1s now directed to a preferred embodiment meth-
odology wherein central processing unit 206 provides, 1n
response to the set of projectile path-to-radar location angles
(e.g., two or more of 0',, 0',, and 0';), and further 1n response
to acoustic detection system 204, an estimate of the projectile
path-to-radar location angle 0'_and range R _, both pertaining,
to the location of the source of the projectile. In a preferred
embodiment, values are used from detections of radar 202 of
the projectile along path PP at two different times, so using
the above convention and illustrations of FIGS. 3 and 4 these
are 1llustrated by example at times t; and t,. Recall that at
those times respective range rates R,' and R, are determined,
and above 1t has been shown that by conclusion of Equation
13 values are estimated for respective projectile path-to-radar
location angles 0', and 0',. Next, at each time t, and t,, a
corresponding value of velocity v, and v, 1s dertved from each
corresponding range rate projectile path-to-radar location
angle.

Continuing with the methodology and now having veloci-
ties v, and v,, recall from Equation 1 above (re-stated below
for the convenience of the reader) that the projectile drag
coellicient value, p, may be estimated given the values of such
velocities:

Vi — 12

Vival(la —11)

Equation 1

Note also that the Equation 1 estimate may be smoothed by
using more than two measurements, and such smoothing, as
would be ascertained by one skilled 1n the art, 1s compre-
hended as part of the present inventive scope. However, as in
the present example as demonstrated, 1t 1s also possible to
characterize {3 using only two velocity values.

Continuing with the methodology and now having the pro-
jectile drag coellicient value, pp, the projectile velocity profile
can be recreated by system 200 using the following Equation
14, 1n terms of the yet unknown 1nitial velocity, v

Vi Equation 14
Il =
Vo) 1 + pv;

Equation 14 represents that once a projectile 1s fired 1t has a
changing velocity for different velocities along a projectile
path, at different respective times, and the velocity profile 1s
expected to decelerate as the projectile passes along 1ts flight
path. This profile, therefore, represents in-tlight behavior, but
in connection with the present inventive scope 1t 1s also rec-
ognized that the profile by 1tself does not indicate the mitial
velocity, v,; i other words, 1 measurements are taken for
example at two (or more) points along a projectile path PP,
then the velocity profile at and between those points may be
estimated, but the origin of the velocity, that 1s the mitial
velocity v, and the corresponding point at which that origin
velocity commenced, 1s not directly ascertainable solely from
the profile since there 1s no way to know when the radar began
tracking the projectile relative to the time the projectile was
first launched or fired.

In accordance with a preferred embodiment, acoustic
detection system 204, proximate radar 202, detects the
muzzle wave (or other sound) associated with the original
firing of the projectile and records the detected time, t_ .
Note that with only this acoustic information it 1s not possible
to determine whether the projectile was fired nearby or farther
away. However, a preferred embodiment correlates this

10

15

20

25

30

35

40

45

50

55

60

65

10

acoustically-sensed muzzle blast with the projectile’s veloc-
ity profile as discussed above 1n connection with Equation 14,
from which as shown below the shooter range, R_, can be
estimated. Note also that at time t__ , the projectile velocity,
optionally may be determined per the above methodology,
although as shown below this 1s not necessary (and indeed, by
timet _ theprojectile may have already ceased along projec-
tile path PP and thus may not be detectable via radar 202).
Next, central processing unit 206 determines a range, R, .,
between points P, and P, and a range, R, ., , between points
P, and P_ _ by the following respective Equations 15 and 16:

—1 Equation 15
Ry = Flﬂ(l —p-ve-lip — 1))

Equation 16
Rimw = Bln(l +ﬁ' Vi - [Imw — irl])

Note that Equation 16, and 1ts determined result of R, .,
includes or 1s theretore responsive to the time t_  detected by
acoustic detection system 204 and recorded as mentioned
above. Note also that there are two forms presented by Equa-
tion 15 and 16: the first one for looking back from sample
point 2, the second for looking forward from sample point 1.

With the ranges R, ., and R, .. along with other values
established earlier, central processing unit 206 determines
several other values according to the following Equations that
are also observed 1n connection with the present inventive
scope:

RZ:mw — Rl:mw — RI:Z Equatiﬂn 17

Ri.,sin(m — &) Equation 18

Ri.p =
FRT sin(es - 07)

Ry .»sinf Equation 19
Rop = ————

sin(6; — 6))

Note that in Equations 18 and 19, each range 1s from a respec-
tive point P, or P, to the radar location, the latter indicated by
the subscript “R” as shown in the radar coordinates (X5, v) of
FIGS. 3 and 4. Stmilar conventions are used 1n Equations 20
and 21 with respect to the range between point (or the pro-

jected point of the profile at the time t__ ) and the radar
location.

RR:mw = \/R%:mw + R%:R — 2Ry k. gCOSY] Equation 20
, . _I(RI:RSiHQi ] Equation 21
.., = sin
RR:mw
% "2 Equation 22

B 1 +ﬁv2(rmw - IZ)

Note that the velocity value, v, , computed from Equation 22
1s the velocity of the projectile at the time the muzzle wave
reaches the radar. Thus, although this value 1s used in the
calculation, as mentioned above 1t 1s not necessary that 1t 1s
measured directly by radar 202, or even that the projectile still
be traveling at time t__ . Instead, per Equation 22, central
processing unit 206 may estimate that velocity based upon the
reconstructed velocity profile as shown.

With the information that has been derived as shown here-
inabove, central processing unit 206 determines an estimate
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of the projectile launch (1.e., shooter location). Preferably,
this 1s accomplished by simultaneously solving a geometric
equation for range based upon the radar measurements, along
with the range based upon the speed of sound—hence, as
noted throughout, 1n response to both tracking radar 202 and
an acoustic detection system 204. Specifically, when process-
ing unit 206 determines a point on the velocity profile v(t) that
provides a range from which the projectile could have been
fired to produce the detected muzzle wave (1.e., at time t__ ),
the solution has been found. In a preferred embodiment, the
Equations to be solved are non-linear and difficult to solve 1in
closed form. However, in accordance with a preferred
embodimentit1s recogmzed 1t may be solved more efficiently
using minimization techniques such as the Nelder-Mead Sim-
plex method. Accordingly, the range to the shooter, R, that
mimmizes the following cost function 1s the desired result, as

shown 1n the following Equation 23, where the term S. 1s the
speed of sound:

Cost = Equation 23

" . 1| Rmwersing,,,,,
T = Upyy — SII R. X 1111[1 By Rs]
FRw S

siné’, Joi s

K.sin

Moreover, having determined R, a preterred embodiment
determines the projectile path-to-radar location angle of the
shooter, 0'., with the following Equation 24:

Equation 24

g il ( Ry.gsin( — 65) ]
=

Ry

From Equations 23 and 24, one skilled 1n the art will now
appreciate that central processing unit 206 has determined (or
estimated) R _and 0', thereby yielding sufficient information
to 1dentily the location from which the detected projectile was
launched. Recall from earlier that this information 1s coupled
to a location reporting and response block 208 to invokes one
more responses, which may include preparing for and per-
forming a retaliatory response.

From the preceding, it may be appreciated that the pre-
terred embodiments provide apparatus and methodology for
determining an estimate ol a location of the source of a
projectile such as 1n the field of combat. In a preferred
embodiment, the determination 1s 1n response to both radar
and acoustic detection apparatus. Moreover, the preferred
embodiment provides numerous benefits, mncluding advan-
tages over the prior art. For example, note that certain appa-
ratus described herein may be already included 1n various
systems aboard a combat or related type vehicle and as a
result the preferred embodiment may be incorporated without
the need for additional hardware or with limited changes
therein. Moreover, the preferred embodiment 1s believed to
provide better accuracy as compared to prior art acoustic
detection approaches. Still further, there 1s potential reduction
in the complexity of existing acoustic-only bullet source
detection systems. As still another benefit, the prior art acous-
tic-only bullet source detection systems may be constrained
to estimation of shooter location only 1n response to projec-
tiles that are detected at supersonic speeds, whereas 1n con-
trast the preferred embodiment provides its projectile source
estimation 1n response to projectiles traveling at either super-
sonic or subsonic rates. As yet another benefit, the preferred
embodiment may be incorporated into numerous other appa-
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ratus and may be implemented in various fashions. For
example, while system 200 has been to shown to include
various apparatus, such apparatus may be separated or dis-
tributed at different locations. Moreover, central processing
umt 206 may be coupled to numerous other devices and
provide functionality ancillary to or otherwise beneficial to
military vehicle MV or any other site with which 1t 1s associ-
ated. As still another example, the above descriptionis by way
of example where one skilled in the art may ascertain 1ts
application to other vehicles, facilities, or sites. In all events
therefore, various alternatives have been provided according
to preferred embodiments, and still others may be ascertained
by one skilled 1n the art. Given the preceding, therefore, one
skilled 1n the art should further appreciate that while the
present embodiments have been described 1n detail, various
substitutions, modifications or alterations could be made to

the descriptions set forth above without departing from the
inventive scope, as 1s defined by the following claims.

The invention claimed 1s:

1. A system for estimating a location of the source of a
projectile, comprising:

a radar system for transmitting a wave and detecting and
providing an indication of a wave reflection from the
projectile;

an acoustic detection system for detecting and providing an
indication of at least one sound associated with the pro-
jectile; and

circuitry for estimating the location in response to the
indication of a wave retlection and the indication of at
least one sound;

wherein the radar system comprises circuitry for transmit-
ting the wave along a boresight line

and further comprising circuitry for providing a set of
boresight line-to-projectile distance angles, wherein
cach boresight line-to-projectile distance angle 1n the set
comprises an angle between the boresight line and a
range distance to the projectile at a respective time;

wherein the projectile passes along a projectile path; and

turther comprising circuitry for providing a set of projec-
tile path-to-radar location angles, wherein each projec-
tile path-to-radar location angle in the set comprises an
angle between the projectile path and a location of the
radar system.

2. The system of claim 1 wherein the circuitry for providing

a set of projectile path-to-radar location angles 1s responsive
to the set of boresight line-to-projectile distance angles.

3. The system of claim 1 wherein the circuitry for providing,
a set a projectile path-to-radar location angles provides fur-
ther 1n response to at least two distances along the projectile
path.

4. The system of claim 1 wherein the circuitry for providing,
a set a projectile path-to-radar location angles provides fur-
ther 1n response to optimizing a cost function.

5. The system of claim 1 wherein the circuitry for providing,
a set of projectile path-to-radar location angles 1s responsive
to:

the set of boresight line-to-projectile distance angles;

at least two distances along the projectile path; and

optimizing a cost function.

6. The system of claim 1 wherein the circuitry for estimat-
ing estimates the location further in response to the set of
projectile path-to-radar location angles.

7. The system of claim 6 and further comprising circuitry
for determining a drag coetlicient of the projectile in response
to a first velocity of the projectile at a first time and a second




US 8,149,156 B1

13

velocity of the projectile at a second time, wherein the first
velocity and the second velocity are determined 1n response to
the radar system.

8. The system of claim 7 wherein the circuitry for deter-
mimng the drag coetlicient 1s further responsive to more than
two velocities.

9. The system of claim 1 and further comprising;:

a weapon; and

apparatus for guiding a firing direction of the weapon in
response to the estimated location.

10. The system of claim 1 and further comprising apparatus
for presenting a report of the estimated location 1n a human-
comprehensible form.

11. The system of claim 1 wherein the radar system com-
prises a continuous wave radar system.

12. The system of claim 1:

wherein the acoustic detection system 1s operable to detect
the at least one sound 1n response to either a subsonic
projectile or a supersonic projectile; and

the circuitry for estimating the location in response to the
indication of a wave retlection 1s for estimating the loca-
tion of either the subsonic projectile or the supersonic
projectile.

13. The system of claim 1 and further comprising a vehicle,
wherein the radar system, the acoustic detection system, and
the circuitry for estimating are housed by the vehicle.

14. A system lfor estimating a location of the source of a
projectile, comprising:

a radar system for transmitting a wave and detecting and
providing an indication of a wave reflection from the
projectile;

an acoustic detection system for detecting and providing an
indication of at least one sound associated with the pro-
jectile; and

circuitry for estimating the location 1n response to the
indication of a wave reflection and the 1ndication of at
least one sound; and

wherein the estimating the location estimates 1n response
to optimizing a cost function.

15. The system of claim 14 wherein the cost function
comprises a projectile path-to-radar location angle corre-
sponding to an anticipated location of the projectile along a
path at a time when the acoustic detection system detects a
launching sound of the projectile.

16. The system of claim 14 and further comprising:

a weapon; and

apparatus for guiding a firing direction of the weapon in
response to the estimated location.

17. The system of claim 14 and further comprising appa-
ratus for presenting a report of the estimated location in a
human-comprehensible form.

18. The system of claim 14 wherein the radar system com-
prises a continuous wave radar system.

19. The system of claim 14:

wherein the acoustic detection system 1s operable to detect
the at least one sound 1n response to either a subsonic
projectile or a supersonic projectile; and

the circuitry for estimating the location 1n response to the
indication of a wave retlection 1s for estimating the loca-
tion of either the subsonic projectile or the supersonic
projectile.

20. The system of claim 14 and further comprising a
vehicle, wherein the radar system, the acoustic detection sys-
tem, and the circuitry for estimating are housed by the
vehicle.

21. A method of estimating a location of the source of a
projectile, comprising:
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transmitting a wave and detecting and providing an 1ndi-
cation of a wave reflection from the projectile;

detecting and providing an indication of at least one sound
associated with the projectile; and

estimating the location in response to the indication of a
wave reflection and the indication of at least one sound;

wherein the transmaitting step transmits along a boresight
line;

and further comprising providing a set of boresight line-
to-projectile distance angles, wherein each boresight
line-to-projectile distance angle in the set comprises an
angle between the boresight line and a range distance to
the projectile at a respective time;

wherein the projectile passes along a projectile path; and

turther comprising providing a set of projectile path-to-
radar location angles, wherein each projectile path-to-
radar location angle 1n the set comprises an angle
between the projectile path and a location of the radar
system.

22. The method of claim 21 wherein the step of providing
a set of projectile path-to-radar location angles 1s responsive
to the set of boresight line-to-projectile distance angles.

23. The method of claim 21 wherein the step of providing
a set a projectile path-to-radar location angles provides fur-
ther 1n response to at least two distances along the projectile
path.

24. The method of claim 21 wherein the step of providing,
a set a projectile path-to-radar location angles provides fur-
ther 1n response to optimizing a cost function.

25. The method of claim 21 wherein the step of providing
a set of projectile path-to-radar location angles 1s responsive
to:

the set of boresight line-to-projectile distance angles;
at least two distances along the projectile path; and

optimizing a cost function.

26. The method of claim 21 wherein the step of estimating,
estimates the location further in response to the set of projec-
tile path-to-radar location angles.

277. The method of claim 21 and further comprising guiding
a finng direction of a weapon 1n response to the estimated
location.

28. The method of claim 21 and further comprising pre-
senting a report of the estimated location 1n a human-com-
prehensible form.

29. The method of claim 21 wherein the estimating step 1s
for estimating the location of either a subsonic projectile or a
supersonic projectile.

30. A method of estimating a location of the source of a
projectile, comprising:
transmitting a wave and detecting and providing an 1ndi-
cation of a wave retlection from the projectile;

detecting and providing an indication of at least one sound
associated with the projectile; and

estimating the location in response to the indication of a
wave reflection and the indication of at least one sound;
and

wherein the estimating step estimates in response to opti-
mizing a cost function.

31. The method of claim 30 wherein the cost function
comprises a projectile path-to-radar location angle corre-
sponding to an anticipated location of the projectile along a
path at a time when a launching sound of the projectile 1s
detected.
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32. The method of claim 30 and further comprising guiding,
a finng direction of a weapon 1n response to the estimated

location.
33. The method of claim 30 and further comprising pre-
senting a report of the estimated location 1n a human-com-

prehensible form.

16

34. The method of claim 30 wherein the estimating step 1s
for estimating the location of either a subsonic projectile or a

supersonic projectile.
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